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Abstract 
Sulforaphene, an isothiocyanate generated by the conversion of glucoraphenin in radish (Raphanus sativus L.), plays 
an important role in p lants as a defensiv e com pound and ha s been shown to have anti-cancer properties. Ho wever, a 
reliable method for the determination o f sulforaphene in radish has not y et been estab lished. In  the present stu dy, the  
enzymolysis conditions, extraction solvent and extraction conditions employed to obtain sulforaphene from radish were 
all optimized using single factor  experiments and orthogonal testing. During these trials, sulforaphene was separated and 
quantified using reverse phase C 18 high performance liquid chromatography (HPLC), employing methanol︰water (3︰7 
ν/ν) as the mobile phase at a f low rate of 0 .3 mL · min -1 together with a d etection wavelength of 245 nm. Evalu ation of 
this newly established method showed good linearity between the sulforaphene concentration and the characteristic peak 
area over the range of 5 to 200 μg · mL-1 (R2 = 0.9996). This method was thus found to be  precise. It was established that 
sulforaphene was extr acted f rom radish  with  95.48% ef ficiency (RSD = 0 .94%) using the optimized conditions. Th is 
same tec hnique was suc cessfully applied to  th e quantification of sulforaph ene in  the f leshy r oots of d ifferent radish  
germplasms as a means of selecting the germplasms with the highest sulforaphene levels. 
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1. Introduction 
Glucosinolates are im portant s econdary m etabolites that  
are primarily found in cruciferous vegetables, such as bro ccoli, 
radish, cabba ge and Bru ssels sprouts ( Fahey et al., 2001;  
Mithen et al., 2010; Agerbirk and  Olsen , 2012) . Some  
isothiocyanates converted from glucosinolates have been found 
to e xhibit potential antica ncer and a ntioxidant propertie s in 
humans (Björkman et al., 201 1; Manchali et al., 2012) as w ell 
as antim icrobial and we ed inh ibition abilities ( Mewis et al.,  
 
2006). Sulforaphane is a h ydrolysis product of  glucoraphanin, 
the predominant glucosinolate in broccoli, and  has been shown 
to be an effective anticancer compound (Keck and Finley, 2004; 
Clarke et al., 20 08; Latté et al ., 2011; Cab ello-Hurtado et al., 
2012). Sulforaphene is similar to sulforaphane in its structur e, 
except that it contains a double bond in its  alkyl chain, and is 
the pr imary isothiocyanate der ived f rom g lucoraphenin in 
radish, although it is no t detected in  Brassica. It is believed to 
biological properties (Kim et al ., 2006; O’Har e et al., 2009 ;  
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possess antioxidant and anti cancer abil ities as well as  other 
Martinez-Villaluenga et al., 2 010). D espite their structural 
similarity, the Ames assay shows that sulfor aphene is 1.3  to 1 .5 
times more active than sulforaphane as an antimutagen (Shishu 
and Kaur, 2009).  
Because of  the potential importance of  s ulforaphane and  
sulforaphene, several methods fo r their  extraction and an alysis 
have been studied. In  such studi es, the cond itions necessary for 
sulforaphane hydrolysis have been discussed (Liang et al., 2006; 
Campas-Baypoli et al., 2009) , although extraction methods for 
sulforaphene have not been examined as intensively. Shen (2010) 
reported that the optim um h ydrolysis cond itions for glucora-  
phene in r adish seeds consisted  of a pH  of 3 .71, ascorbic acid 
addition at  0.0584 mg · g -1, a h ydrolyzation time of 8 h  and  a 
temperature of  25 ℃, wher eas Kuang (2013)  considered th e 
optimum conditions to be a pH of 7, a solid/liquid ratio of 1/10 
(w/ν) and  a h ydrolysis time of  20 min at 25 ℃ (Shen et al., 
2010; Kuang et al., 2013) . These latter res ults contr adict 
previous studies indicating th at the optimum pH range for  th e 
extraction of myrosinase in radish is from 5 to 6  (Jwanny et al., 
1995; Rashad et al., 1995).   
The choi ce of  extraction solven ts has  an  important ef fect 
on the extraction efficiency. Dichloromethane is generally used 
for sulforaphan e ex traction, although it is gr adually being  
replaced b y ethyl acetate and acetone (Su, 2 007; Campas-  
Baypoli et al., 2 009) because of  its high toxicity. Nevertheless, 
the pre sent study  a ssesses dich loromethane a s one  of the 
extraction solv ents. Thus f ar, the effects of  v arious or ganic 
solvents on the sulforaphene ex traction ef ficiency from radish 
have not been examined. The associated extr action conditions 
also affect the yield of sulforaphene, but there has again been a 
lack of stud ies on optimizing extraction conditions. Hence, it is 
important to study the extraction conditions for sulforaphene in 
radish in depth. 
A further objective of th e present stud y was to develop a 
comprehensive and  accurate m ethod for  the quant itative 
measurement of  s ulforaphene i n radish . This work will  be  
beneficial with regard to  the qu antification of s ulforaphene in  
radish germ plasms on a lar ge s cale as well  as  for further  
metabolomics research and the genetic improvement of radish. 
2. Materials and methods 
2.1. Chemicals and standards 
The s ulforaphene s tandard (HP LC grad e) was  purchased 
from LKT (Saint Paul, MN, USA). Methanol, n-hexane, acetone, 
dichloromethane and e thyl acetate (HPLC grade) were obtained 
from the S igma Chem ical Com pany (S aint Lou is, M O US A). 
Sodium dih ydrogen phosphate and disodium h ydrogen 
phosphate, bo th an alytical grad e, were pur chased from  the 
Beijing Ch emical Fac tory (Bei jing, Chin a). D eionized water  
was purified with a Milli-Q water purification system (Millipore, 
Bedford, MA, USA).  
2.2. Equipment and chromatographic conditions 
A PHS-280 biochemical incubator, a vacuu m rotar y 
evaporator (Ningbo Jiangnan In strument Factory, China) and a 
high speed centrifuge (Th ermo Electron Corp oration, USA)  
were emplo yed in this stud y. Th e high p ressure liquid  
chromatography (HP LC) s ystem (Shimadzu, Japan) was  
composed of a CT O-10AC column oven, an SCL-10A VP 
system contro ller, an S PD-10AV UV -VIS dete ctor and  an  
SIL-10AV autoinjector . A  rev erse phase C18  chromatographic  
column wa s employed (250 mm ×  2 mm,  5 μm, T echmate, 
China). The sulforaphene stand ard was used to optimize the  
chromatographic conditions for the quan tification of  
sulforaphene. T rials emplo ying dif ferent methanol-to-water  
proportions (30︰70, 40︰60, 60︰40, 70︰30 and 80︰20 ν/ν) and 
flow r ates (0.2, 0 .3 a nd 0. 5 mL  · mi n-1) were condu cted to  
determine the optimum mobile phase composition and flow rate. 
2.3. Plant material and preparation of the sample 
solution  
The seeds  of  an oil r adish var iety were incubated in  a 
biochemical in cubator at 25 ℃ under a 12  h  d ark, 12  h  light 
cycle. Sprouts were collected while the seeds germinated for 7 
days and whole sprouts were subsequently ly ophilized and  
crushed for  trials aimed at developing th e exper imental 
methodology. The flesh y roo ts of  other r adish varieties wer e 
harvested from  the Chin ese Ac ademy o f Agric ultural S cience 
Langfang Farm in October 2012. These samples were prep ared 
for analysis by quartering and lyophilization. 
During each experimental tr ial, a 0 .2000 g  sample of th e 
radish sprout powder was  a ccurately weig hed out and, 
according to the experimental design described below in Section 
2.4, phosphate buffers with different pH levels were then added 
in varying sample/buffer ratios, followed by homogenization for 
1 min and agitation of the mixture for  a defined time span at a 
specific temperature to  al low the  au to-hydroxylation of 
glucoraphene into sulforaphene by plant cell m yrosinase. After  
centrifugation, the supernatant was collected and extracted twice 
with a specific volume of ethyl acetate at room temperature. The 
solvent fractions were subsequently combined and evaporated to 
dryness in a vacuum rotary evaporator at 35 ℃, after which the 
residue was re-dissolved in 2 mL of a methanol and water (70︰30, 
ν/ν) solution and filtered through a 0.22 μm membrane. Finally, 
the solution was analyzed using the HPLC system. 
2.4. Optimization of hydrolysis conditions  
The effects of the phosphate buffer pH (using values of 3, 4, 
Development and Application of an Extraction and Quantitative HPLC Method for Sulforaphene in Radish                                    103 
5, 6, 7 or 8), the sample-to-phosphate buffer ratio (1︰5, 1︰10, 
1︰15, 1︰20 or 1︰30 g · mL-1), the hydrolysis time (0, 1, 2, 3, 4, 
5, 6, 7 or 8 h), the hydrolysis temperature (20, 25, 30, 35, 45, 55 
or 65 ℃) and the concentration of ascorbic acid (0, 1, 5, 10, 20, 
50 or 100 mmol · L -1) were studied in single-factor experiments 
for every treatment or level, with two replicates at each specific 
set of conditions. 
2.5. Selection of the extraction solvent 
The organic s olvents n-hexane, acetone, ethyl a cetate and  
dichloromethane were applied to extract sulforaphene according 
to the steps  specified  in  th e design methodolo gy (see section  
2.3), with three repl icates of  e ach trial. Th e best ex traction 
solvent was chosen based on the resulting extraction efficiency. 
2.6. Optimization of sulforaphene extraction con- 
ditions 
To opt imize the extr action conditions for sulforaphene, 
experiments were conducte d u sing an orthogo nal L 9(3)
4 test  
design based on  the  r esults of  p reliminary trials. Three fa ctors 
were inc luded in these experiments: the  extraction temperature 
(25, 35 o r 45 ℃), the number  of extractions (1, 2 or 3) and the 
phosphate buf fer-to-solvent r atio (1 ︰5, 1 ︰10 or 1 ︰15), as  
summarized in Table 1. 
 
Table 1  Factors and levels in the orthogonal tests 
Level 
Extraction 
temperature/℃ 
Phosphate buffer-to- 
extraction solvent ratio  
Extraction 
times 
1 25 1︰5 1 
2 35 1︰10 2  
3 45 1︰15 3  
 
3. Results 
3.1. Optimum conditions for the extraction of 
sulforaphene 
3.1.1. Effect of phosphate buffer pH on the yield of sulforaphene 
The experimental results conf irmed that pH gre atly affects 
the yield of s ulforaphene (F ig. 1), s uch th at increasing th e 
phosphate buf fer pH from 3 to 8 first in creases and then 
decreases th e s ulforaphene concentration in the ex tract. The 
yield of sulforaphene reached its peak value at a pH of 5, with  
yield improvements of 16 .7%, 6.7%, 2 .9%, 13.9% and 73 .1% 
relative to the yields obtained at pH values of 3 , 4, 6, 7 and 8, 
respectively. Th us, a pH of ap proximately 5 was considered 
suitable for sulforaphene extraction from radish. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1  Effect of phosphate buffer pH on the yield of sulforaphene 
3.1.2. Effect of  th e h ydrolysis temperatur e o n th e yield of  
sulforaphene 
In this  work , the  ef fects of dif ferent h ydrolysis 
temperatures on the s ulforaphene yield were assessed, with th e 
results prov ided in  Fig. 2 . As  the h ydrolysis temperature was 
raised from 20 to 30 ℃, there was no s ignificant change in the 
yield. However, the yield decreased rapidly above 30 ℃, so we 
concluded that the hydrolysis temperature should be maintained  
at 20–30 ℃. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2  Effect of the hydrolysis temperature on the yield of sulforaphene 
3.1.3. Effect of the sample-to-phosphate buffer ratio on the yield 
of sulforaphene 
The effect of  th e sample- to-phosphate buf fer r atio on  th e 
sulforaphene yield is  presented  in  Fig . 3. The yield was  not 
significantly affected while inc reasing the rati o from 1︰5 to 
1︰80 (g · mL-1). Thus, for the sake of convenience, the sample- 
to-phosphate buffer ratio was set to 1︰15 (g · mL-1) in subsequent 
experiments. 
3.1.4. Effect of the hydrolysis time on the yield of sulforaphene 
Different h ydrolysis times wer e a lso ex amined, with  th e 
results pr esented in  Fig. 4. The yield of  sulforaphene was  
observed to first increase and to subsequently decrease, with the 
maximum yield being achieved at the 1 h mark. 
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3.1.5. Effect of ascorbic acid on the yield of sulforaphene 
The effects of  different concentrations of  ascorbic acid on 
the yield were investigated. The results in Fig. 5 show that there 
were no obvious benefits when concentrations of ascorbic acid 
ranging from 1 to 20 mmol · L-1 were added, although there was 
a d ecline in  th e yield at  in creased con centrations. Therefore, 
ascorbic acid was not added in subsequent experiments. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5  Effect of ascorbic acid on the yield of sulforaphene 
 
In summary, the optimum cond itions for  the extraction of  
sulforaphene consist of a sample-to-phosphate buffer ratio of 
1︰15 (g · mL-1), a hydrolysis time of 1 h, a phosphate buffer pH 
of 5 and a hydrolysis temperature ranging from 20 to 30 ℃. 
 
3.2. Comparative analysis for selection of the 
extraction solvent  
The extraction efficiencies achieved using four e xtraction 
solvents ar e shown in Fig. 6 , and sta tistical analysis of the 
resulting data was performed using the SAS software packag e, 
version 9.3 .1. Using eth yl ace tate o r di chloromethane, a  
significantly higher sulforaphene concentration was ob tained 
compared with the other two solvents. Hence, ethyl acetate was 
considered th e m ost suit able solven t for  the extraction of  
sulforaphene. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6  Statistical analysis for the selection of the extraction solvent 
n = 3, P < 0.05, Error bars denote ± SE. 
 
3.3. Optimization of sulforaphene extraction conditions 
The r esults of  different tr eatment combinations are  pre-  
sented in Table 2. Here the calculated R values indicate that the 
effects of the factors on the yield decreased in the order B > C > 
A. Analysis of va riance cal culations a lsoindicated that only the 
phosphate buf fer-to-solvent ratio had  a sta tistically s ignificant 
effect on the yield of sulforaphene (P < 0.05).  
Table 2  Results of orthogonal tests using various combinations  
of extraction conditions 
No. 
Extraction 
temperature 
T /℃ 
Ratio of phosphate  
buffer to solvent V 
Blank 
C extraction
times N 
Extraction
yield/ 
(μg ∙ g-1) 
1 25 1:5 1 1 time 21.24 
2 25 1:10 2 2 times 22.40 
3 25 1:15 3 3 times 23.03 
4 35 < 1:5 2 < 3 times 22.05 
5 35 < 1:10 3 < 1 time 22.92 
6 35 < 1:15 1 < 2 times 22.21 
7 45 < 1:5 3 < 2 times 21.94 
8 45 < 1:10 1 < 3 times 23.25 
9 45 < 1:10 2 < 1 time 23.20 
TI 66.67 65.23 66.70 67.36 T = 202.24
T2 67. 17 68.57 67.65 66.55  
T3 68. 39 68.44 67.89 68.33  
R 1.72 3. 34 1.19 1.78  
Fig. 3  Effect of the sample-to-phosphate buffer ratio on the  
yield of sulforaphene 
Fig. 4  Effect of the hydrolysis time on the yield 
of sulforaphene 
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Thus, the m aximum extraction  ef ficiency was  obtain ed 
when emplo ying a phosphate b uffer to solvent ratio of 1 ︰15 
(ν/ν) in conjun ction with two replicate extractions at room 
temperature. 
The op timized extraction meth od descr ibed above was  
verified using six replicate analyses of a rad ish fles hy roo t 
sample. The resulting data showed that the average sulforaphene 
concentration in  the root was 1 .932 mg · g -1 wi th an RSD of 
2.037%, demonstrating that the method was suitably precise. 
3.4. HPLC conditions and analysis 
3.4.1. Confirmation of HPLC conditions 
The optimized chromatographic conditions determined by 
analysis of th e sulforaphene st andard consisted  of a methano l 
and wat er m obile ph ase wi th a com position of  30/70 (ν/ν), a   
0.3 mL · min -1 flow rate, a 245  nm detection waveleng th and a 
temperature of 40 ℃.  
3.4.2. Linearity of the standard curve 
The linearity of  the  s tandard c urve was  es tablished b y 
analyzing diluted standard solutions that spanned the 
concentration range from  5.0  to 200  μg ·  mL -1 (Fig. 7) . The 
corresponding regression equation was y = 1.242317 × 10-4(x) + 
8.814415 × 10-2 (R2 = 0.9996).  
3.4.3. Suitability and precision of the analytical method 
The precision of  the method was determined  through six  
replicate injections of both a dilute standard and a radish extract, 
followed b y calculation of  th e RSD% values o f the peak area 
responses, g iving values  for  the standard and sample of  0 .48% 
and 1.02%, respectively. The s ulforaphene peak in each s ample  
 
extract chromatogram was identified based on the retention time 
of the standard solution, and th e suitab ility of  the method was 
assessed based on the simila rity obtained between the standard 
and sa mple c hromatograms. Fi g. 8 shows the chromatograms 
obtained for the sulforaphene standard (A) and the radish fleshy 
root sample (B ). Both  th e standard and  sample pr esented a 
single peak at 1 0.401 min, with  no interf ering peaks on either  
side of the target pe ak. These results indi cate that th e HP LC 
method can be used for the quantitative analysis of sulforaphene 
in radish. 
 
 
 
 
 
 
 
 
 
 
Fig. 7  The standard curve obtained from sulforaphene  
analysis by HPLC 
3.4.4. Recovery 
The reco very of this  new  method  was evaluated  b y 
analyzing bo th blank and spiked buf fer solutio ns in trip licate, 
extracting th e sulforaphene wi th e thyl acetate followed  b y 
quantification v ia HPLC. Table 3  shows that the av erage 
recoveries at v arying con centrations were 95 .48% (RS D/% = 
0.82), 95 .93% (RSD/% = 1.42)  and 96 .88% (R SD/% = 1.58) , 
indicating that this method was accurate.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8  Chromatograms of a sulforaphene standard (A) and a radish fleshy root extract (B) 
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Table 3  Recovery test data 
Determined/(μg · g-1) 
1 2 3 
Spiked/ 
(μg · g)-1 
Average 
recover/%
RSD/%
32.105 31. 591 31.784 33.333 95.480 0.820 
78.987 81. 208 79.639 83.333 95.930 1.420 
163.780 15 8.736 161.872 166.667 96.880 1.580 
3.5. Analysis of sulforaphene contents in radish fleshy 
root via the established method 
The practical applicability of the newly developed method 
was assessed through the analysis of sulforaph ene contents in  
radish fleshy roots from dif ferent varieties. The data in  Table 4 
indicate that the sulforaphene c ontents in th e r oots of twelve 
different var ieties range d from 193.28 to 2  1 28.00 μg · g -1. 
Based on  thes e r esults, it appears that th e sulfor aphene 
concentrations of different types of radish differ greatly.  
 
Table 4  Sulforaphene contents in different varieties of  
radish fleshy root samples 
Accession No. Type 
Content/(μg · g )-
1 
Origin 
L12Q-188 White skin white flesh 231.29 Korea 
L12Q-4 White skin white flesh 411.61 Korea 
L12Q-96 White skin white flesh 375.36 Korea 
ZP12Q-9 Black skin white flesh 193.28 Japan 
L12Q-795 Red skin white flesh 1 068.80 Anhui, China
L12Q-815 Red skin white flesh 470.22 Beijing, China
L12Q-797 Red skin white flesh 371.33 Ningxia, China
L12Q-406 Green skin white flesh 1 601.34 Korea 
L12Q-714 Green skin white flesh 1 698.45 Henan, China
HX12Q-57 Green skin red flesh 503.02 Gansu, China
LX12Q-30 Green skin green flesh 986.05 Tianjin, China
LX12Q-14 Green skin green flesh 2 128.00 Anhui, China
 
It is  th erefore p ossible to s creen eli te g ermplasms having 
higher levels of  sulforaphene fr om a lar ge nu mber of radish 
germplasms spe cimens using th is method, w hich has b een 
shown to be acceptable for determining sulforaphene contents in 
radish fleshy root samples. 
4. Discussion 
The en zymatic h ydrolysis of glucosinolates is a 
complicated process and is affected by many factors. The effects 
of the hydrolysis time, temperature, pH, ratio of solids to liquid 
and ascorbic acid addition on glucoraphene h ydrolysis wer e 
investigated in this study. The results demonstrate that the effect 
of the phosphate buf fer pH is s ignificant dur ing glucoraphenin 
hydrolysis, and a pH  of  5  was shown to  be beneficial with  
regard to improving th e yield of sulfor aphene. The values  
obtained in this  study ar e not  in  agr eement wi th th e results  of  
Shen (2010) an d Kuang et al. (2013) but ar e i n acco rd with  
those repor ted in previous studi es indicating th at th e op timum 
myrosinase ac tivity in ra dish is obtained  at a p hosphate buf fer 
pH of 5 to 6 (Jwanny et al., 1995; Rashad et al., 1995).  
It is necessary to allow for a suitable reaction time during 
the conv ersion of glucor aphenin to sulfor aphene. However , 
continuous in creases in the h ydrolysis time did not lead to 
additional enh ancement o f th e sulforaph ene conc entration, 
possibly bec ause of  th e instability of sulfor aphene in  th e 
phosphate buffer over long time spans.  
It has  been reported that a low concentration of  ascorbic 
acid can improve the activity of m yrosinase, while a high 
concentration acid inhibits the activity  (Bones and Slupphaug, 
1989; Kleinwächter and Selmar, 2004). In this study, the addition 
of as corbic acid did no t in crease th e yield o f s ulforaphene, 
possibly because the amount of  ascorbic acid naturally present 
in radish may be sufficient to activate the enzymatic reactions.  
The optimum enzy molysis con ditions for sulf oraphene 
formation in  radish determined in the present work are not the 
same as th e conditions required for sulforaphane production in 
Brassica. There are differences in the pH ( the suitable pH range 
for sulforaphane release from Brassica is  from 6  to  7)  and the  
enzymolysis time (which  ranges from 0.5 to 3  h for Brassica) 
(Liang et al., 2006; Campas-Baypoli et al., 2009 ; Kuang et al., 
2013). This disparity indicates that the best h ydrolysis conditions 
for the formation of different isothiocyanates will not always be 
identical. In the present study, it was found that ethyl acetate was the 
most suitable solvent. Although dichloromethane also produced an 
acceptable yield, it is not an ideal choice based on a comprehensive 
consideration of the as sociated extra ction rate, cos t and safety 
concerns. The HPLC method developed herein was employed in 
the quantificatio n of  numerous sulforaphane samples, a nd t he 
suitability, accuracy and precision of this sy stem for sulforaphene 
quantification ar e superi or to t he result s obtai ned in previous 
studies (Liang et al., 2006; Campas-Baypoli et al., 2009).  
5. Conclusions 
Through a series of experimental trials, extraction and HPLC 
techniques were dev eloped for sulforaphene quantification. The 
optimized conditions for sulf oraphene produ ction through 
hydrolysis consisted of ethyl acetate as the solvent, a sample-to- 
buffer solution ratio of  1:1 5 ( g · mL-1), a phosphate b uffer 
solution pH of 5 and a temper ature of 20  to 30 ℃, with  a  
reaction time o f 1 h. The b est chrom atography r esults were  
obtained using  a mobile ph ase composed o f a 30 :70 ( v/v) 
mixture of methanol and water, a flow rate of  0.3 mL · min -1, a 
wavelength of 245 nm and  a temperature of 40 ℃. This newly 
developed HPLC method allowe d good precisio n and recover y. 
Using this meth od, it was found  that the sulforaphene contents 
of radish fles hy roots dif fered greatly  among dif ferent 
germplasms, such that th e high est level was 1 1 tim es gre ater 
than the lowest. 
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